Introduction: In non-vital tooth bleaching, dentin is in direct contact with the bleaching agent, 1 to 3-week delay is needed to eliminate free radicals from tooth structure. The present study aimed to evaluate the effect of irradiation of Er: YAG laser on immediate microtensile bond strength of bleached dentin to composite. Methods: Sixty sounds human teeth were collected and randomly divided into 4 groups (n = 15): no bleaching (NB), opalescence endo hydrogen peroxide (HP) gel bleaching, sodium perborate (SP) bleaching and laser bleaching with heydent gel (LB). The groups were divided into 3 subgroups (n = 5): no surface treatment, Er: YAG laser irradiation and 10% sodium ascorbate (SA). All samples were restored and underwent microtensile bond strength testing. Statistical analysis was carried out using one-way and two-way ANOVA. Results: Bond strength in NB-SA group had a significant difference with the NB group (P < 0.05) while no significant difference was noted between NB and NB-Er groups (P = 0.55). Application of SA and Er: YAG laser after bleaching with SP did not enhance the bond strength (P = 0.07). Conclusion: Application of SA and Er: YAG laser after HP gel bleaching significantly enhanced the bond strength. Application of Er: YAG laser after internal bleaching with HP gel could enhance the bond strength.
Introduction
Tooth bleaching and tooth-colored restorative materials are among the most common dental procedures. 1 Evidence shows that adhesions of restorations decrease to freshly bleached enamel and dentin. [2] [3] [4] Several studies have assessed the impact of different bleaching agents on mechanical and morphological properties of the bonding interface. [5] [6] [7] [8] [9] [10] The results of most studies have indicated decreased bond strength of restorative materials to bleached dentin. 7, 11, 12 Residual free oxygen radicals in the dentinal tubules and in the collagen matrix have been proposed as possible reasons for this reduction in bond strength 7, 11, 12 since they prevent adequate polymerization of adhesives and composite resin. Bleaching of non-vital teeth is commonly performed to treat internal staining and discoloration of teeth. During the process of bleaching, enamel and dentin undergo morphological changes such as a change in superficial enamel crystals, loss of calcium and phosphate, destruction of the organic matrix of the enamel and accumulation of oxygen radicals in dentin. 6 Since in this method dentin is directly bleached, 1 to 3-week time-lapse has been recommended between bleaching and adhesive restorations to obtain sufficient bond strength between the restorative material and bleached tooth structure. 13, 14 However, this time lapse not only causes a delay in treatment but also increases the chance of coronal fracture, microleakage, and relapse of discoloration of endodontically treated teeth, which are all unfavorable for the patients and dentists. 15 Sodium ascorbate (10%) and catalase have been suggested to overcome this problem, which is not commonly used in the clinical setting. 15 Sodium ascorbate salt is a potent antioxidant capable of suppressing reactive free radicals in biological systems. 16 Parallel to the advances in bonding agents, new technologies have been employed such as the use of laser radiation to enhance the bond strength. The effects of lasers on hard dental tissues have been assessed by several researchers since the 1960s. As laser application changes the dental structure, it was necessary to investigate the consequences of these alterations. Various studies have shown contradictory results regarding the use of different lasers for increasing the bond strength of restorative materials to human dentin. [17] [18] [19] [20] [21] Low energy Er: YAG laser changes the dentin surface and creates a surface free from the smear layer with open dentinal tubules. After tooth bleaching, dentin is saturated with the residual whitening agents such as free radicals, which are highly unstable. It seems that the heat created by low-level Er: YAG laser can eliminate free radicals and alter dentin to provide a more suitable substrate for bonding. [22] [23] [24] The present study sought to evaluate the effect of Er: YAG laser on microtensile bond strength of composite to freshly bleached dentin.
Methods
This experimental study was conducted on 60 extracted molar teeth due to periodontal or orthodontic reasons, collected within four months. Organic debris was eliminated using a periodontal scaler, and prophylaxis was performed using a mixture of pumice paste and water (pumice slurry) and a rubber cup. The samples were evaluated by a stereomicroscope (Nikon, Tokyo, Japan) at × 50 magnifications to exclude samples with hypoplastic defects or cracks. After cleaning, the samples were stored in 0.5% chloramine T (Merck, Germany) for 1 week and were then transferred to 4°C distilled water until the experiments (ISO/TS11405). 25 The materials used are presented in Table 1 .
For the preparation of dentin, the occlusal surfaces were ground to the mid-coronal level by a low-speed diamond saw under water irrigation to reach a smooth dentin surface. A 600-grit silicon carbide abrasive disc was also used for 60 seconds to remove the residual enamel and create a smooth surface and a standard smear layer. The teeth were randomly assigned to 4 groups. It should be noted that the classification of groups was based on the type of bleaching, and the control group did not receive any bleaching treatment.
The four main groups in this study were as follows (n=15) ( Table 2 ): 1. Dentin surfaces, which were not bleached (NB) 2. Dentin surfaces, which were bleached using 35% hydrogen peroxide gel (OP) 3. Dentin surfaces, which were bleached using sodium perborate (sp) solution (SP) 4. Dentin surfaces, which were bleached using Heydent gel and laser (LB).
Study Groups
The control group (NB, n=15): Bleaching was not performed for samples. The samples were transferred to artificial saliva 1week prior to testing. Opalescence bleach group (OP, n=15): Bleaching was performed with 35% hydrogen peroxide (HP) gel (35% Opalescence Endo, Ultradent, USA). The teeth were surrounded by a wax rim with 3 mm height using sticky wax. Care was taken not to allow wax residues contact the dentin surfaces. The gel was then applied in 2 mm thickness on the exposed dentin for 3 days. The thickness of the gel was measured by a periodontal probe. A transparent shell was placed over the wax rim to provide a closed chamber to keep gel on the exposed dentin surface in such a way that no air bubble was noticed at the interface of the wax, tooth and the transparent shell. The samples were stored in a Petri dish containing artificial saliva and incubated at 37°C for 3 days. The teeth were then washed under running water for 1 minute and this process was repeated 3 times.
Laser bleaching group (LB, n=15): Bleaching was performed with Heydant JW Power gel (Farafan Co., Iran) and included 2 phases. Each phase included 3 Each group was then randomly divided into 3 subgroups (n=5) based on the type of surface treatment after bleaching: Subgroup 1: The teeth did not receive any surface treatment and were subjected to bonding process immediately after bleaching. Subgroup 2: The teeth were treated with 10% sodium ascorbate solution and were then subjected to bonding process (SA). Subgroup 3: The teeth were subjected to Er: YAG laser irradiation and were then subjected to bonding process (Er).
applications of gel. The powder was mixed with 30% HP.
The mixture was applied on the dentin surfaces in 1.5 mm thickness and activated by diode laser irradiation (Cheese TM, Wuhan Gigaa, China) with 810 nm wavelength, 1 W power, and continuous wave mode for 30 seconds at 6 mm distance from the gel surface. The gel remained on dentin for 1 minute and was then wiped off. This process was repeated in triplicate. After rinsing and applying the wax rim, the clear shell was placed and the teeth were immersed in artificial saliva and incubated at 37°C. The artificial saliva was refreshed daily. Three days later, the same process was repeated. Sodium perborate bleach group (SP, n=15): First, 5 g of SP powder (Sultan Chemist Co., Iran) was mixed with 1 mL of distilled water to obtain a suspension. The periphery of the tooth was covered with utility wax and an adequate amount of the suspension with 2 mm thickness was placed on the exposed dentin for 3 days. Dentin was covered by a plastic shell and the teeth were immersed in artificial saliva and incubated at 37°C for 3 days. The suspension was then rinsed and these processes were repeated in triplicate.
Experimental Groups Subgroups 1, 4, 7 and 10
Subgroup 1 (NB): No bleaching was performed. Bonding agent and composite resin were applied. Subgroup 4 (OP): Bleaching was performed using 35% HP gel followed by the application of bonding agent and composite resin.
Subgroup 7 (PS): Bleaching was performed using SP solution followed by the application of bonding agent and composite resin.
Subgroup 10 (LB): Bleaching was performed using Heydant laser bleach gel followed by the application of bonding agent and composite resin.
Subgroups 2, 5, 8 and 11
Subgroup 2 (NB-SA): No bleaching was performed. Surfaces were treated with SA, and bonding agent and composite resin were then applied.
Subgroup 5 (OP-SA): Bleaching was performed using 35% HP gel followed by SA surface treatment, a bonding agent application, and composite restoration.
Subgroup 8 (SA-SP): Bleaching was performed using SP solution followed by SA surface treatment, bonding agent application, and composite restoration.
Subgroup 11 (SA-LB): Bleaching was performed using Heydant laser bleach gel followed by SA surface treatment, bonding agent application, and composite restoration.
Surface treatment with SA was performed as follows: 10 mL of 10% SA solution was applied on the specimen surfaces at 1 mL/min speed. This solution remained on dentin surfaces for 10 minutes; during this time period, the surfaces were constantly agitated by a microbrush and after 10 minutes, they were washed with distilled water and dried.
Subgroups 3, 6, 9 and 12
Subgroup 3 (NB-Er): No bleaching was performed. Surfaces were treated by Er: YAG laser irradiation. The bonding agent was then applied and followed by composite restoration. Subgroup 6 (OP-Er): Bleaching was performed using 35% HP gel. Surfaces were treated by Er: YAG laser irradiation. The bonding agent was then applied and followed by composite restoration.
Subgroup 9 (SP-Er): Bleaching was performed with SP solution. Surfaces were treated by Er: YAG laser irradiation. Bonding agent was then applied and followed by composite restoration.
Subgroup 12 (LB-Er): Bleaching was performed with Haydon laser bleach gel. Surfaces were treated by Er: YAG laser irradiation. The bonding agent was then applied and followed by composite restoration. Er: YAG laser (USD20, DEKA Dental laser systems, Florence, Italy) was irradiated with 50 mJ energy, 10 Hz frequency, 0.5 W power, 230 μs pulse width and noncontact mode for 4 seconds from 4 mm distance by using a grid. It was manually performed by an operator. To standardize the 4mm distance from laser handpiece to the surface, an endodontic K-file attached to the handpiece was used.
In all the aforementioned groups, the bonding agent was applied according to the manufacturer's instructions. First, the samples were etched with 35% phosphoric acid for 15 seconds, rinsed for 10 seconds and dried, leaving a moist dentin surface. Two layers of Adper Single Bond 2 were applied on dentin surfaces and air-dried for 5 seconds by air spray to evaporate the solvent. Next, light curing was performed for 10 seconds (LED Demi, Kerr, CA, USA) and Z250 composite resin (3M ESPE, St. Paul, MN, USA) was applied in two layers, each with the 1.5 mm thickness on the entire surface of exposed dentin. Each layer was light-polymerized for 20 seconds. Eventually, the entire composite restoration was lightcured for 20 seconds from each direction.
Microtensile Bond Strength Testing
After preparation and restoration of all samples, they were immersed in artificial saliva at 37°C for 24 hours. The teeth were then mounted in auto-polymerizing acrylic resin (Meliodent, Heraeus Kulzer, Germany). The teeth were sectioned in X and Y-axis directions by a low-speed diamond saw (CNC, France) under air and water coolant to obtain rectangular microbars of resindentin with a mean cross-sectional area of 1 mm 2 . A digital caliper (Mitutoyo, Tokyo, Japan) was used for measurement of the rectangular-shaped samples. A total of 120 microbars in 12 subgroups (10 microbars in each subgroup) were fabricated. The samples were fixed to the clasps of the microtensile tester (Bisco, USA) at the 2 sides by cyanoacrylate glue (Mitreaple, Turkey) and underwent microtensile load application at a crosshead speed of 1 mm/min. The microtensile bond strength was calculated in megapascals (MPa) by dividing the load at fracture in Newtons by the cross-sectional area of the resin-dentin interface in square-millimeters (measured before fracture).
Mode of Failure
The samples were inspected under a stereomicroscope at ×50 magnification to determine the mode of failure. The mode of failure was reported as:
Adhesive: Failure at the adhesive-tooth or adhesivecomposite interface in over 75% of the areas.
Cohesive in resin: Failure mainly in the composite mass such that over 75% of the tooth bonding area was covered with composite.
Cohesive in the tooth: Failure mainly within the tooth structure. Mixed: A combination of the above-mentioned modes of fracture.
Raw data were analyzed using one-way ANOVA. Tukey's HSD test was used for paired comparisons of normally distributed data. Level of significance was set at 0.05.
Results
ANOVA revealed a significant difference between NB-SA and NB groups (P < 0.05). No other significant differences were noted (P = 0.55 for NB-Er and NB-SA and P = 0.55 for NB-ER and NB). In other words, bond strength improved with the use of SA while Er: YAG laser did not improve the bond strength compared to the control group and did not decrease it either. The application of SA and Er: YAG laser after bleaching with SP did not improve the bond strength either (P = 0.07). Application of SA and Er: YAG laser after bleaching with 35% HP (OP) significantly increased the bond strength (P < 0.05). Application of SA compared to Er: YAG laser caused greater improvement in bond strength. Application of SA and Er: YAG laser after laser bleaching with Heydent gel did not enhance the bond strength.
Comparison of the groups based on the method of surface preparation by Tukey's HSD test revealed the followings:
Application of 35% HP gel (OP) significantly decreased the bond strength (P < 0.05). Application of SP did not significantly decrease the bond strength. Application of laser bleaching compared to the control group (NB) did not reduce the bond strength either. Comparison of the four groups revealed that the lowest bond strength belonged to the OP group and the highest to LB group (P=0.082 for the comparison of LB and NB groups).
Surface treatment with SA significantly increased the bond strength to dentin bleached with OP gel (P = 0.14 for the comparison of NB-SA and OP-SA). After bleaching with SP, preparation with ascorbate could not significantly improve the microtensile bond strength (P < 0.05 for the comparison of NB-SA and SP-SA).
Application of Er: YAG laser after bleaching with SP, Heydent laser bleach gel and 35% HP gel (OP) yielded a bond strength similar to that in the control group (P > 0.083).
Mode of Failure
Fracture surfaces were evaluated using a stereomicroscope at ×50 magnification.
Adhesive failure: A total of 80 microbars out of 120 (74%) showed adhesive failure.
Cohesive failure in the composite: Three microbars out of 120 (2.5%) showed cohesive failure in composite.
Cohesive failure in tooth structure: A total of 13 microbars out of 120 (11%) showed cohesive failure in the tooth.
Mixed failure: A total of 15 microbars (12.5%) showed mixed failure.
Discussion
Techniques and materials used for tooth bleaching have greatly advanced. Internal bleaching is an effective, affordable, simple and noninvasive technique compared to prosthetic treatments. Hydrogen peroxide with different concentrations can be used for internal bleaching. By increasing the concentration of peroxide, whitening efficacy is enhanced to a certain point. 26 It seems that 30% HP gel acts faster than SP with regard to bleaching; this is important considering the susceptibility to fracture of endodontically treated teeth. Materials with a lower pH can cause greater surface changes in dental tissues. 26 After completion of treatment, bonded restorations must be delayed for 1-3 weeks to decrease the adverse effects of peroxide on the bonding procedure.
14 If such adverse effects are eliminated, coronal restoration can be performed immediately after completion of bleaching treatment.
In this study, Heydent JW power gel was used for dentin bleaching. This gel contains titanium dioxide particles and is activated by the diode laser. Although the high concentration of HP (30%) is also used in this method, the shorter application time of this gel has advantages such as lower risk of external resorption. Evidence shows that the safest compound for internal tooth bleaching is SP mixed with water or 10% carbamide peroxide after applying a barrier in the cervical area of root canals. 27 In the current study, SA and Er: YAG laser surface treatments were used to eliminate the adverse effects of bleaching agents. To compensate for the decrease in bond strength of resin-based materials to bleached dentin, several methods have been proposed such as the use of 10% SA and catalase. The antioxidant properties of SA help neutralize and reverse the oxidizing effects of bleaching agents. [28] [29] [30] [31] Low-level Er: YAG laser can alter the dentin surface. In this situation, a surface free from smear layer with open dentinal tubules is created. Since the surface is full of unstable free radicals after direct contact with the bleaching agent, it seems that the generated heat makes dentin surface a better substrate for bonding. 23 For the composite bond to tooth structure, Single Bond 2 fifth generation bonding system was used, which is a lightcure, ethanol-based, two-step etch and rinse adhesive. Some studies have shown that use of ethanol-based adhesives may be able to neutralize the negative effects of bleaching on bonding to enamel. 32, 33 Inspection of the fracture surfaces determines the mode of failure. Determination of the mode of failure along with analyzing the mechanical parameters of failure is important to assess the reliability of bond and decrease misinterpretations. 34 Thus, samples were evaluated under a stereomicroscope at ×50 magnifications to evaluate the mode of failure in the current study. In this study, application of SA compared to the control group (NB) improved the bond strength. It seems that application of antioxidant agents enhances the bond strength even in absence of bleaching (by eliminating oxygen). In other words, the absence of oxygen in the area may improve resin polymerization. Cohesive tooth fracture was noted in 3 samples in this group in our study, which indicates a strong bond to dentin.
In our study, application of Er: YAG laser had no significant effect on microtensile bond strength of composite to bleached dentin. In other words, application of laser alone had no positive effect on microtensile bond strength of composite to bleached dentin. The results of previous studies in this respect are controversial. Ramos et al evaluated the microtensile bond strength of dentin adhesive systems irradiated with Er: YAG and Er, Cr: YSGG lasers and showed that irradiation of both lasers decreased the bond strength. 35 Goncalves et al studied the effect of Er: YAG laser irradiation on bond strength of resin to dentin and concluded that Er: YAG laser pretreatment improved the tensile bond strength of adhesive to dentin. 36 Katsumi et al noticed cracks in dentin following Er: YAG laser irradiation. 37 Such a structural flaw was not limited to superficial dentin, and laser irradiation caused weakness in dentin as deep as 3-5 microns, which eventually decreased the bond strength. Goncalves et al showed that elimination of the laser-modified layer by etching returned the bond strength back to normal. 36 Based on these findings, it seems that application of etching and rinse adhesive system after Er: YAG laser irradiation yielded bond strength values as high as that of the control (NB) group. In the current study, the use of SP did not significantly decrease the bond strength compared to the control (NB) group. Maleknejad et al evaluated the changes in dentin microstructure and reported that although application of a combination of SP and 30% HP resulted in the widening of dentinal tubules, the combination of SP and water had no effect on the diameter of dentinal tubules. 38 It seems that no drop in bond strength after the application of SP was due to the low concentration of oxygen in this material. Also, the current study showed that SA and Er: YAG laser after the application of SP did not significantly improve the bond strength. This finding is not far from expectation considering no reduction of bond strength after the application of SP. Yoon et al also reported that SP bleaching did not affect the microtensile bond strength of dentin. 39 In the current study, the application of 35% HP compared to SP causes a significant reduction in bond strength, which is in line with the findings of Ferrari et al. They demonstrated that bond strength after the application of 35% HP was much lower than that after the use of SP mixed with water; they attributed this finding to the fact that HP gel is stronger than SP. 40 After the application of OP compared to NB, a significant decrease in bond strength was noted. The decrease in bond strength following the application of high concentrations of HP was not far from expectation. This finding is similar to the results of Vieira et al. They showed that bleaching dentin with HP decreased dentin bond strength to the resin. By an increase in the concentration of HP, bond strength decreased. 12 Application of SA after bleaching with OP gel significantly enhanced bond strength. This finding was comparable to that of Lai et al showed that the process of infusion of peroxide ions into the tooth structure was reversible by using an antioxidant agent such as SA. 41, 42 Application of SA on dentin of teeth, which have undergone internal bleaching, enables immediate bonding of composite to tooth structure. 43 In the current study, SA remained on the surface for 10 minutes and was constantly agitated by a microbrush. There is no consensus on the duration of application of SA on the tooth structure to enhance bond strength. 44 On the other hand, SA well reacts with hydroxy-peroxy apatite crystals created by bleaching and significantly increases the bond strength of bleached samples and those under treatment with SA.
In the current study, use of Er: YAG laser as a surface treatment after bleaching with 35% HP gel significantly enhanced the microtensile bond strength of dentin to composite (P < 0.05). Er: YAG laser irradiation, via the thermo-mechanical process of ablation, causes microexplosions in tooth structure. It appears that these microexplosions and the generated heat at the site eventually result in extrusion of free radicals from the tooth structure. 45 In the current study, when HP gel was used for bleaching, application of SA for surface treatment caused a greater increase in bond strength compared to Er: YAG laser irradiation. It should be noted that no previous study was found comparing surface treatment with SA and Er: YAG laser.
Maleknejad et al showed that application of internal bleaching agents such as 35% HP and 45% carbamide peroxide increased the diameter of dentinal tubules and decreased the calcium to phosphorus ratio. These elements are present in the structure of hydroxyapatite crystals and a reduction in their weight percentage means demineralization. 36 The results of the aforementioned studies explain the reduction in bond strength to dentin after bleaching with 35% HP. Application of Heydent bleaching gel compared to NB did not significantly decrease the bond strength. Moreover, application of SA and Er: YAG laser did not enhance the bond strength either. After bleaching a significant drop in bond strength was not seen, it is concluded that application of SA and Er: YAG laser did not significantly enhance the bond strength either. Application of OP compared to Heydent gel along with laser irradiation significantly decreased the bond strength; this finding may be due to the shorter application time of HP gel in laser-bleaching. Considering the shorter application time of bleaching agent in laser-bleaching method and absence of an adverse effect on bond strength to dentin in this technique, the efficacy of this system should be evaluated for the elimination of intrinsic discolorations and in case of clinical success, routine use of laser bleaching can be recommended in dental offices.
Conclusion
The following conclusions were drawn in this study: 1. Application of 35% HP (OP) significantly decreased the bond strength (P < 0.05). But the application of SP and laser bleaching (Heydent) had no significant effect on bond strength (P = 0.07). 2. Application of SA after bleaching with 35% HP (OP) enhanced the bond strength (P < 0.05) but did not influence the bond strength after bleaching with SP and laser bleaching (P = 0.09). 3. Irradiation of Er: YAG laser after bleaching with 35% HP (OP) significantly enhanced the bond strength (P < 0.05) but did not affect the bond strength after bleaching with SP and laser bleaching. 4. After bleaching with 35% HP gel, application of SA compared to Er: YAG laser resulted in greater improvement in bond strength (P < 0.05).
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